The goal of this study was to evaluate the distribution of stresses generated around implants with different internal-cone abutments by photoelastic (PA) and finite element analysis (FEA). For FEA, implant and abutments with different internal-cone connections (H-hexagonal and S-solid) were scanned, 3D meshes were modeled and objects were loaded with computer software. Trabecular and cortical bones and photoelastic resin blocks were simulated. The PA was performed with photoelastic resin blocks where implants were included and different abutments were bolted. Specimens were observed in the circular polariscope with the application device attached, where loads were applied on same conditions as FEA. FEA images showed very similar stress distribution between two models with different abutments. Differences were observed between stress distribution in bone and resin blocks; PA images resembled those obtained on resin block FEA. PA images were also quantitatively analyzed by comparing the values assigned to fringes. It was observed that S abutment distributes loads more evenly to bone adjacent to an implant when compared to H abutment, for both analysis methods used. It was observed that the PA has generated very similar results to those obtained in FEA with the resin block.
INTRODUCTION

S
ince the 1980s, dentists and patients have been increasing the demands for aesthetics. 1, 2 The development of osseointegrated implants 2 brought a wide range of options for functional and aesthetic teeth replacement. Bone resorption is known to be one of the major complications in implant treatment. 3 Research has shown that some bone loss around implants can be considered clinically acceptable (an average of 0.9 mm in the first year and 0.1 mm in the following years). 4, 5 A crucial factor that affects the outcome of implant treatment is the way occlusal forces are transferred to the bone-implant interface. This interface must tolerate occlusal forces without adverse tissue response. 6 According to some authors, [7] [8] [9] [10] it is essential to have an implant designed to functionally distribute occlusal loads to peri-implant bone at physiological levels. The geometric configuration of each component of bone/ implant/abutment complex influences the dental implant's biomechanical behavior. 11 According to Ç ehreli et al, 6 the influence of implant design and implant-abutment interface on marginal bone reactions is still unclear.
Internal connections stand out when compared to external ones because they have less loosening and loss of screw, better external overloads absorption, 12 and more homogeneous stresses distribution around implants. 13 According to Hermann et al, 14 one-piece titanium implants show superior stability when compared to two-piece implants with internal connection due to greater depth of retention and increasing the contact area between abutment and implant walls.
Other authors 15, 16 found further promising evidence for using internal-cone connections. After clinically evaluated implants that have been in function for 10 years, Morris et al 16 have encountered no bone resorption; in some cases, they found a slight bone growth on the implant platform. These results may be associated with the fact that this connection is stable (does not allow micro-movements between abutment and implant) and presents no interface discontinuity between components. This type of connection tends to improve the implant biomechanical behavior 17 but has the impossibility of repetition as an inherent problem. Without any indexing feature, it is not possible to safe transfer the exact location of the abutment.
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The development of designs played an important hole in the internal-cone taper evolution. Today, there are commercially internal-cone abutment models that contains-in addition to the ''Morse cone''-stabilizing elements such as locking screws and antirotational hexagon. The presence of two stabilizing elements has resulted in a strong, stable, and predictable connection. The new design allows the achievement of a great connection. Although, according Binon, 18 the combination of the cone with these elements mischaracterizes the connection as a real Morse taper.
In addition to the internal-cone and the locking screws, the two-piece hexagon abutments have an internal hexagon to allow for precision repositioning of the components during the lab and clinical steps.
The main methods of investigation and biomechanical analysis of prosthetic components are: finite elements analysis (FEA), photoelasticity, strain-gauge, and evaluation of bond resistance between implant and bone tissue through shearing, traction, and compression tests. 19 According to Turcio et al, 19 a photoelastic analysis should be combined with the FEA, as the first provides a more qualitative result of the stress distribution, whereas the finite element method provides more detailed information of the complete state of the tensions. 20 Therefore, the aim of this study was to test the hypothesis that the prosthetic component does not influence the load transferred to the surrounding bone and that the results obtained by photoelastic method and FEA are comparable.
MATERIALS AND METHODS
FEA
Initially, the properties of an epoxy resin block (Araldite BR GY 279 and hardener HY 2963 BR, Araltec Produtos Químicos Ltda, Sao Paulo, SP, Brazil) with approximate dimensions 38 3 10 3 7 mm and mass 2.93 g used for the photoelastic analysis were characterized by impulse excitation of vibration. Specimens of this material present specific mechanical resonant frequencies determined by the elastic modulus, mass, and geometry.
The flexural and torsional resonant vibration was measured using Sonelastic (ATCP Engenharia Física, São Carlos, SP, Brazil). The elastic modulus was determined using the resonant frequency in the flexural mode. The shear modulus was obtained using torsional mode. The Poisson's ratio was then calculated from those data.
Cortical screw (Master Ar Morse Porous 3.75 3 13 mm) and abutments (Hexagonal Micro-Unit Morse taper and Solid MicroUnit Morse taper abutments, Conexão Sistemas de Pró tese Ltda, Arujá, SP, Brasil) ( Figure 1 ) were scanned by a computed micro tomography X-ray scanner (SkyScan 1172, SkyScan, Kontich, Belgium) (pixel size: 14.97 lm, voltage: 100 kV, current: 100 lA, rotation step: 0.40 deg, metal artifact: Al þ Cu).
Images obtained were converted to Digital Imaging Communications in Medicine (DICOM) format compatible with InVesalius 3.0 reconstruction software (CTI Renato Archer, Sao Paulo, SP, Brazil). This software creates stacks of micro-CT images and generates 3D images from scanned objects in STL format (stereolithography, standard format for fast prototyping).
STL images were then sent to CAD software Rhinoceros 4.0 (Robert McNeel & Associates, Seattle, Wash) to generate the 3D geometry of the objects. The 3D models promote results with more information and clinically relevant data. 21 In this step, we chose to perform the simplification of the drawing, replacing all helical threads by rings and ignoring the surface thread where the abutments would be bolted to the prosthetic piece. This happened with the objective to reduce the time spent refining the mesh and avoid wastage of elements during FEA. These simplifications do not commit this type of analysis.
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Geometry generated by a CAD program was imported to FEMAP software (Finite Element Modeling and Postprocessing, version 10.10, Siemens PLM Software, Kö ln, Germany), which had performed a preprocessing phase. In this stage, material properties were assigned (Table 1) .
To allow use of a larger number of elements in the analysis and assuming a symmetrical distribution of the strains under axial load, a quarter of the assembly was digitally sectioned and used for the analysis. All materials were considered static, linear, homogeneous, and isotropic.
The base of the block was fixed to prevent movements in all directions (x, y, z). It was assumed a perfect contact for all the interfaces by assigning ''bonded'' contact-type between the screw surfaces and ''not bonded'' for the other contact areas. The bonded contact-type is assigned when a perfect union between surfaces is desired, preventing the slip of one over the other or the separation of both. There was no surface penetration for the contacts.
The loading was standardized to allow the comparison of the data from FEA and photoelastic method. A 14 kgf force with an 8 mm diameter tip was applied in the center of the top surface of the abutment. There was no preloading. Assigning the bonded contact-type simulated part of the torque effect for the pretension of the bolts.
The cortical screw was composed of 42 147 elements. The number of elements for the solid abutment was 15 268, while the hexagonal abutment and its retaining screw totaled 22 818 elements. A total of 90 661 elements were used to replicate the resin block and solid abutment, 98 211 for resin block and hexagonal abutment, 95 101 for bone block and solid abutment, and 102 651 to bone block and hexagonal abutment.
All pre-processing information was transformed into numerical data and sent to NEiNastran processing computational software (version 9.2, Finite Element Analysis and Simulation Software Noran Engineering Inc, Westminster, Calif) for the static mechanical analysis. The postprocessing phase was done in FEMAP software.
Photoelastic analysis
The resin block for the photoelastic analysis was produced by CO 2 laser polymerization of 0.1 mm increments of nylon DuraForm PA (PA12 based) powder guided by the .STL file sent to the additive manufacturing machine (Sinterstation 2000, 3D Systems, Valencia, Calif).
The prototyped block was placed in a bench drilling (Diplomat M-3, Deb'maq do Brazil Ltda, Camanducaia, MG, Brazil) for enlargement of the perforation using high-speed steel drills. Initially, a Hexagonal Micro-Unit abutment (Conexão) was attached on the implant (Morse Porous Ar Master 3.75 3 13 mm, Conexão) and torqued to 20 Ncm. The square transfer for Micro-Unit (Conexão) was positioned and attached to the abutment. The set was inserted into the block until the cervical portion of the implant was flush to the block top surface. The same steps were performed for the solid Micro-Unit abutment (Conexão)
Impressions were taken by the open tray technique using a white rubber silicone (ABCol, Sao Caetano do Sul, SP, Brazil).
With a clamp, the abutments were fastened over the implants, and 20 Ncm torque was checked for both abutments. Then, the implant/abutment joint was fitted, bolted to the transfers, and positioned within the molds. The molds were filled with epoxy resin (GY 279 BR and HY 2963 BR, Araltec) and let set for 72 hours for complete polymerization.
The polymerized resin and implant contact simulated the full osseointegration. 24 A dark field circular polariscope mounted with a light source (Photoflood n2, GE General Electric, Sao Paulo, SP, Brazil), a light filter diffuser, polarizer, and analyzer plates, two quarter-wave plates (Eikonal Optical Instruments, Sao Paulo, SP, Brazil), and a camera (Canon EOS Rebel XT, Canon Inc, Tokyo, Japan) coupled to a load application device composed by a support of 1 kg, 13 kg boards, and a 8 mm diameter flat-tipped applicator, attached to the parallelometer (Bio Art Dental Equipment, Sao Carlos, SP, Brazil), totaling 14 kg.
A photoelastic model was inserted in a virgin acrylic container containing mineral oil (Nativita Indú stria e Comércio, Juiz de Fora, MG, Brazil) to reduce surface refractive and facilitate the photoelastic observation. 25 To confirm the absence of residual tensions, models were initially observed with absence of charge in the field of circular polariscope. 25, 26 It was necessary to release the tension, and the models were placed in an oven (Orion 502, Fanem, Sao Paulo, SP, Brazil) at 378C for 15 minutes. This protocol proved sufficient to relieve tension and was secure to the material structure, being below the resin thermal decomposition temperature given by the manufacturer (2008C).
After loading the parallelometer, tensions observed on the polariscope were recorded by the digital camera. Images obtained in photoelasticity were transferred to a computer and evaluated two ways: qualitatively, following preset parameters established by other studies 24, 27, 28 in which the higher the proximity between the fringes, higher stress concentration, and the greater the number of order fringe (or the number of fringes), the greater the magnitude of tension; and quantitatively, by comparing the fringe values according to the fringe color proposed by the American Society for Testing and Materials. 29 For quantitative analysis, the digital images were imported to PowerPoint 2008 software for Mac (Microsoft, Redmond, Wash), and a series of 12 equal dimensions squares was added as preset points of analysis.
A descriptive analysis was done for FEA results by visual observation of graphic images of the displacement and maximum, and Von Mises stress occurred in the structures of the models.
For better comparison of data between blocks, strains resulting values were analyzed in three points on each blockall on the left side of the contact area with the implant-as follows: CE -implant cervical; BE -8.5 mm below the implant cervical, and AE -implant apical.
RESULTS
Photoelastic analysis
The hexagonal abutment showed high fringe order values around CE and AE of the cortical screw, suggesting higher stress in these areas. At CE, very close fringes were also observed around the cortical screw, suggesting a concentration of stress. The solid abutment model showed low fringe values at AE. However, the fringes were very close and with a high value at the cortical screw CE area, suggesting high magnitude and concentrated stress. When comparing the two abutments, the hexagonal one showed higher fringe values overall and at specifics points as well. Figure 2 shows 12 points for quantitative analysis for each model. Two calibrated operators performed the evaluation. The reproducibility error for the 2 calibrated operators was determined by Dahlberg test. The difference between operators was 0.695 N for the hexagonal and 0.688 N for the solid abutment model. These values are considered low, reflecting a great consistency between operators. Figure 3 shows a graphic of analysis points 3 mean between operator's results. It allowed a point-by-point analysis.
The solid abutment showed results more homogeneously distributed (Figure 4b ), while the hexagonal had stress concentrated at CE and AE (Figure 4a ). 
FEA
The hexagonal abutment/resin block system showed a low displacement, with the abutment/cortical screw components behaving as a single unit (Figure 5a ). The von Mises stress distribution through the resin was fairly uniform, with a slightly concentration of the top edge around the cortical screw. The cortical screw showed higher stress concentration at the cervical area, distributed all over the contact surface. A second stress concentration point was located on the first two threads of the small thread (top area) and large thread (center area). Except for these points, the stress was homogeneously distributed through the implant body.
The solid abutment/resin block system showed a displacement pattern similar to the previous model (Figure 5c ).
There was a slightly stress concentration in the top area at the contact surface between the implant and the block. The FEA showed similar behavior to the hexagonal/resin block system. Figure 4 compares the FEA and photoelastic analysis for both systems. Although the photoelastic analysis showed differences in stress concentration between the two systems, the FEA showed, through a clear view, a similar and homogeneous stress distribution for both systems.
The displacement on the hexagonal abutment/bone block system was similar to the resin block one (Figure 5b ). The cortical bone absorbed almost all von Mises stress, and the trabecular bone was only slightly requested.
The solid abutment/bone block system also behaved similarly to the resin block system and had lower values when compared to the hexagonal abutment/bone block (Figure 5d ). There was a slight difference in the thickness of the fringes with higher displacement values from the cortical to the trabecular bone and from the solid abutment to the cortical screw. This model showed similar stress distribution between the cortical and trabecular bone (however, with lower values). Looking from outside, the cortical screw showed almost all stress concentrated at the cervical edge, right at the cortical bone level. There were higher stress values in the contact area with the cortical bone. When observing the trabecular bone, the first thread of the large thread could be seen as a stress concentration point.
The von Mises stress for all the chosen points are shown in Table 2 .
DISCUSSION
Many different osseointegrated implants and components designs are currently available in the market, giving dentists a wide variety of options for oral rehabilitation treatment. For implants with an internal connection, the conical abutmentimplant (Morse taper) can be distinguished by its bulkiness, 3, [15] [16] [17] with a large contact area between the implant and the abutment walls, providing a more uniform stress distribution. The great attrition between these two surfaces ensures stability and retention for the system.
The components used for dental implants are designed to support and transmit functional forces to surrounding bone within physiological limits. 7, 8 The geometry of these components influences the biomechanical behavior of the overall system.
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Solid and hexagonal abutments are externally similar, with a small difference in the geometry. The solid one has a screw added to internal-cone that, according to Hermann et al 14 and Morris et al, 16 works as a stable connection, with great biomechanical behavior and no gap between components.
The presence of an hexagon on the apical half of the internal-cone given the hexagonal abutment enables more reliable position transfer, 18 providing a more stable connection that creates better resistance against rotational movements for single crowns. 3 Similar to Ç ehreli et al, 30 this study obtained resembling characteristics of stress distribution under vertical loading for abutments with different internal-cone connections. The photoelastic analysis showed significant concentration of stress in the cervical and apical areas for the hexagonal abutment model, with symmetrical distribution. For the solid abutment model, it showed asymmetrical stress concentration only at the neck, followed by uniform distribution in the rest of the abutment. The asymmetric distribution of stress in the solid abutment model can be associated with the cortical screw rotation that happened during fabrication of the models. Thus, one cut-threads of the cortical screw in the solid abutment specimen was perpendicular to the axis of tension observation. It is possible to observe, according to the graph in Figure 3 , that the stress lines of the two models start separating themselves at the seventh spot-an area that corresponds to the beginning of the threads. This might have masked the real stress distribution in this area of the model. However, due to the number that this geometry is found in the cortical screw used in this study (three cut-threads), the distribution at 1208 makes difficult identical positioning among the different models, since this screw is inserted into the block when it made its prototyped position transferred to the mold that had the photoelastic resin.
For the hexagonal abutment in the FEA, there was significant stress concentration in the neck where bone contacted the implant in the cervical area of the cortical screw and where the abutment contacted the cortical screw. In both cases, this concentration may be associated with possible finite element mesh areas of premature contact.
Still on the same model, there was stress concentration inside the cortical screw near the contact with the abutment. There was also stress concentration in the abutment in the same area. This shows a great stress transfer from the cortical screw to the abutment.
The solid abutment/bone model showed a more homogeneous stress distribution, with no stress concentration from premature contact. Externally, there was a higher stress concentration in the cervical area of the cortical screw, while there was a homogeneous distribution all over the contact area with the solid abutment. This fact can be associated to the larger wedge effect of this geometry, creating a higher demand in the exterior of the solid abutment, mainly in the neck.
With respect to solid abutment, this study observed that the abutment to cortical screw stress distribution occurs solely by the abutment cone, with no request from the retaining screw region.
Future studies aimed at assessing the actual need for retaining screws should be made in these cases since if no extrusive forces on the abutment or the friction from the walls outside and inside the abutment screw in the cone region is sufficient to retain the abutment position, the use of these may be unnecessary. In this case, and according to Merz et al, 22 this tapered design of the interface that maintains a high normal pressure contact zone given by frictional forces could be enough to hold a stable the prosthetic abutment in position.
With respect to the bone block, stress distribution has proved to be similar in hexagonal and solid abutments, with no important differences in this regard.
The way the chewing loads transfer to the implant surrounding bone is a crucial biomechanical factor for osseointegration and fundamental to the success of the rehabilitation treatment. 6 For this reason, photoelasticity was chosen since this method makes it possible to visualize the stress distribution and the magnitude of the refractive index on a birefringent material. The photoelastic fringes represent tension and compression stresses.
There are a great number of photoelastic materials commercially available, each with different mechanical properties. According to Sirohi, 31 the chosen material must have mechanical properties similar to the bone structure. However, all photoelastic materials are homogeneous after polymerized, and the bone tissue is a heterogeneous structure. While the photoelastic resin is a homogeneous and isotropic material, the implants are placed in a bone characterized by its heterogeneity and anisotropy. 32 The elasticity modulus ranges from 13.7 GPa for cortical bone and 7.3 GPa for D2-type trabecular bone, 23 and the photoelastic resin has elasticity modulus of 2.07 GPa.
In 1962, Frocht 33 wrote that photoelastic analysis was indicated for situations where the FEA was not possible. Currently, advances in the technology have changed this situation. The results of this study corroborate with other authors 6, 27, 32, 34 about some limitations in the technique. In addition to the disadvantage of getting superimposed results on a quasi-tridimensional analysis, 27 the photoelasticity has no physical resolution to differentiate stress gradient around the threads 6 and cannot reproduces heterogeneous materials. The FEA is a computational method in which an approximate model simulates a real structure from mathematical calculations, the expected behavior for the structure under the given conditions, and mechanical properties of the materials. Thus, if a material's mechanical properties can be calculated, its behavior can be simulated by this method.
The FEA provides von Mises stress and total displacement results as one of its possible results. Similar to photoelastic analysis, the von Mises stress represents two states of stress: tension and compression.
There was a great reciprocity in the results of von Mises stress for the photoelastic method and FEA for the resin block. This can be interpreted as a positive correlation to the use of photoelasticity for simulation of laboratory conditions.
The resin blocks showed higher values of displacement than did the bone blocks (Table 2) . While the CE and AE values were similar for the resin blocks, there was a great difference between them on the bone blocks. This can possibly be related to the fact that the elastic modulus and the material composition are different. The resin absorbs stress more evenly, while in bone blocks, most of the stress is absorbed by the cortical layer with only a small portion transmitted to the trabecular bone.
With increased use of photoelasticity as a methodology for inhomogeneous structures analyses, it would be interesting to note development of resins with different compositions, allowing densities similar to cortical and trabecular bone. The addition of different amounts of silanized glass filler particles could possibly be the solution, if the addition does not change the translucency of the material needed for photoelastic analysis. If these resins were developed, the next step would be to test the results by ensuring the similarity between the simulated and original materials and then validating the method as a complementary technique to FEA.
In both analyses, we adopted a centered load because lateral ones are more demanding for the surrounding bone, 35 and the excess of this type of loading can lead to crater-like bone defects. 36 Although the centered loads would simulate a ''perfect'' restoration from a biomechanical point of view, 37 this is not always the reality. We agree, however, that the direction of loading may result in other stresses, 38 and this is one limitation of the present work.
CONCLUSION
It can be concluded that solid abutment load transferring to the adjacent bone of implant was more homogeneous than for the hexagonal abutment, for both analyses methods used.
